For the solution of the global warming issue, the popularization of the hydrogen fuel cell vehicle has been starting in these several years. The hydrogen gas should be filled to the car fast and safely in hydrogen refuelling stations. However, when the filling gas is pressured into the tank, it is feared that the temperature of the hydrogen gas rises. Then, we changed the speed and the pattern of the filling and measured the gas temperature of various parts in the tanks of type 3 and type 4. This paper describes the thermal behavior in hydrogen storage tank on fast filling. As the filling time became shorter, the gas temperature rise after filling increased in comparison with that before filling, and the temperature differences among various points in the gas inside the vessel became smaller.
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ABSTRACT:
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Introduction
Utilization of hydrogen energy and implementation of fuel cells are expected to play important roles in the reduction of CO 2 discharge, which is currently the most important global environmental issue. Fuel cell vehicles that use hydrogen for fuel have already been tested and released to the market in limited quantities, and expectations for their full-scale distribution are increasing. The current hydrogen storage systems for fuel cell vehicles are mainly a compressed hydrogen storage type, but it is known that the temperature inside the tank commonly increases while the tank is being filled with hydrogen 1) . This study examines filling methods that prevent the temperature from exceeding the designed temperature of the tank 2) . Furthermore, the shortest possible filling time is required to achieve the convenience of gasoline vehicles. The system that monitors tank pressure and temperature and controls the filling rate, and the system that suppresses the maximum temperature by pre-cooling the filling gas are being examined. However, there is no clear definition for temperature-measurement points on onboard tanks. In order to propose a filling method that minimizes temperature rise inside the tank and achieves a short filling time, this study investigates the influence of different types of tanks and filling pressures. Internal gas pressure was measured by conducting fast-filling tests on 35 MPa and 70 MPa tanks while varying the filling time and pressure-rise pattern, and the results are presented in this paper.
Test Conditions
Test Tanks
Type 3 tank (fully wrapped composite tanks with metal liners) and type 4 tank (fully wrapped composite tanks with non-metallic liners) were used in this study. The type 3 metal liner is made of aluminum alloy, and the type 4 liner is made of high density polyethylene. The tank liners are wrapped with carbon fiber reinforced plastics. Tank capacity of type 3 tanks is 34 L and 74 L, and type 4 tank is 65 L for tests at 35 MPa. Tank capacity of type 3 tank is 41 L, and type 4 tank is 31 L for tests at 70 MPa. The test tanks were designed to enable multipoint measurement of internal temperatures of the tank. Measurement items included gas pressure at one point (internal pressure of piping at the inlet of the tank), gas temperatures at six points inside the tank (three points for type 3 tanks at 70 MPa), and surface temperatures of the tank at five points. The temperature-measurement points inside and outside the tanks are illustrated in Fig. 1 . The parameters for fast filling tests of 35 MPa tanks were filling time, pressure-rise pattern, ambient temperature, and initial pressure. The parameter for 70 MPa tanks was filling time. Specifications for the test tank and test mode are listed in Table 1 . Four pressure-rise patterns were used to identify the temperature behavior of the tank under varied pressure-rise rates: constant rate of pressure rise during a certain period of filling, high pressure-rise rate in the initial stage of filling, high pressure-rise rate in the latter stage of filling, and intermittent repetition of fast filling, as illustrated in Fig. 2 . The filling time was set to 2 min for type 3 tanks and 5 min for type 4 tanks. The hydrogen-gas filling equipment used for testing is shown in Fig. 3 . Filling equipment includes a gas storage bank, gas-control unit, and test pit. The tank is installed in the test pit and filled with hydrogen stored in the gas storage bank. Flow rate and pressure are controlled by the gas-control unit. C. For type 3 tanks, the internal gas temperature of the tank rose immediately after the start of fast filling in proportion to the gas pressure increase, while the surface temperature of the tank rose gradually in proportion with the internal gas temperature of the tank. In contrast, the temperature rises in the cylindrical part of the tank and the boss of the tank did not display these dissimilar trends. For type 4 tanks, however, although the internal gas temperature of the tank rose immediately after the start of fast filling in proportion with the gas pressure (as in the case of type 3 tanks), the surface temperature of the tank rose first in the boss of the tank and then in the cylindrical part. This differs from the behavior of the type 3 tanks. The difference in temperature-rise rate is due to the differences between the physical properties of the aluminum and high-density polyethylene lining materials used in the type 3 tanks and type 4 tanks. The coefficients of thermal diffusivity and thermal conductivity of aluminum are larger than those of high-density polyethylene, so the temperature rises more easily in type 4 tanks.
( 2) As a result, the internal gas temperature of the tank is higher in type 4 tanks, which have less heat radiation, and the internal gas temperature of type 4 tanks reached 115 o C at the maximum in the filling time of 122sec. The distributions of gas temperatures in the tank are considered. When a type 4 tank was filled in 300 sec, the gas temperature in the upper area inside the tank differed from the temperatures in other parts of the tank, as shown in Fig. 6 . Although the temperature difference between the upper and central areas had reached 30 o C when filling was complete, the gas temperature in the upper area inside the tank decreased gradually after filling. Convection of the gas inside the tank is believed to cause this temperature difference. 
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The temperature measurement results inside and outside the tank for the first 30 min after starting to fill a type 4 tank in 306 sec. are shown in Fig. 7 . The pressure rose to 35 MPa during filling, decreased gradually after filling, and became almost constant after 30 min. The gas temperature in the tank continued to decrease 30 min after the start of filling. The temperatures on the surface and the boss part of the tank rose slowly during filling, disproportionately to the gas pressure and temperature inside the tank. After 30 min of filling, the internal gas temperature of the tank was 58 o C, the central area on the surface of the tank was 45 o C, and the boss part was 50 o C. Furthermore, besides differences in temperature inside the tank, temperature differences were also observed on the surface of the tank in the vertical direction. The infrared photo in Fig. 8 indicates higher temperatures in the upper area after 30 min of filling, and this agrees with the results of measurement with a thermo couples. The surface temperature of the shoulder part is low due to the padding material used to increase the impact resistance of that area of the tank. The temperature-rise rate of the internal gas temperature of the tank (∆T-max) is defined as the difference between the gas temperature at the beginning of filling and the maximum gas temperature during filling. Figure 9 summarizes ∆T-max for different filling times when filling the 35 MPa tank with hydrogen. The temperature-measurement point is the gas temperature in the central area inside the tank. Although ∆T-max increases in proportion to the filling rate, ∆T-max is constant once the rate exceeds a certain level. Test results from the type 4 tank are shown in Fig. 10 to illustrate the relationship between the pressure-rise pattern and the gas-temperature rise in the tank. In Fig. 10 , T-P1 to T-P4 represents the gas temperature at the central area inside the tank in patterns 1 to 4. The test results demonstrate observable correlations between the pressure-rise pattern and its influence on the temperature rise in the tank. Figure 11 summarizes the relationships between the pressure-rise pattern and the temperature-rise rate (∆T-max) for the 35 MPa tank. The temperature-measurement point is the gas temperature in the central area inside the tank. Differences in temperature-rise rate were observed between different types of tanks in each of the filling patterns. The temperature difference between different pressure-rise patterns is small in the type 3 tank. For the type 4 tank, however, the temperature-rise rate increases with a large pressure-rise rate. In other words, there is a large difference in temperature-rise rate in the type 4 tank resulting from a large difference in pressure rise. Thus far, the focus has been on the rise rate of the internal gas temperature of the tank (∆T). The maximum level of the internal temperature of the tank could also be strongly influenced by the ambient temperature of the tank and the environmental temperatures of the hydrogen filling station. Therefore, the influence of ambient temperatures was investigated in each part of the tank. The internal temperatures of the tank under different ambient temperatures are presented in Fig. 12 . The difference in ambient temperature at the beginning of filling remains until the end of filling, showing almost the same waveform pattern. This result indicates that the ambient temperature significantly influences internal temperatures of the tank during fast filling. Fuel-cell vehicles can be filled with hydrogen even when there is fuel left in the tank, i.e. when the internal pressure of the tank is still high. Therefore, we conducted filling tests using the initial pressure of the tank as a parameter, and investigated the temperature behavior in each part of the tank. Internal temperatures of the tank under different pressures at the beginning of filling are presented in Fig. 13 . Although the temperature rises in the initial state of filling were almost the same, the maximum temperature was lower when filling started at a higher internal tank pressure than at a lower internal pressure. This result demonstrates the possibility of shortening filling time by selecting the optimum filling rate and of predicting the maximum temperature reached in the tank, if temperature, internal pressure and capacity of the tank are known before filling starts. This would require some communication method between the vehicle and the filling station. 
Results of Filling Tests on 70 MPa Tanks
A higher pressure (70 MPa) storage tank was developed in order to increase the amount of hydrogen that can be loaded into fuel-cell vehicles. Greater temperature rise is expected when filling the higher pressure tank, so we conducted fast-filling tests on the 70 MPa tank, and measured the temperature in each part of the tank. The results of filling the type 3 tank in 122 sec is presented in fig. 14 , and the results of filling the type 4 tank in 901 sec is presented in fig. 15 . Furthermore, Fig. 16 compares the temperature-rise rate in the 70 MPa tank with those of the 35 MPa tanks under each condition. The temperature-rise rate in the 70 MPa type 3 tank was on the same level as that of the 35 MPa type 3 tank. In the 70 MPa type 4 tank, however, an extreme rise in internal temperature of the tank was observed, just as in the case of the 35 MPa type4 tank. This suggests that the internal temperature of the tank will rise further when the filling rate is increased. Temperature behavior inside and outside the tank due to differences in the type of tank, filling time and pressure-rise pattern were investigated using 35 MPa and 70 MPa tanks for compressed-hydrogen fuel-cell vehicles. Fast-filling tests simulating actual fuel filling were conducted, and the results are summarized below.
(1) The gas-temperature rise rate in the tank increases as the filling time is shortened, and the internal gas temperature of the tank may exceed 85 o C depending on the ambient temperature.
(2) Differences were observed in temperature-rise pattern, depending on the type of tank. The temperature difference between different pressure-rise patterns is small in the type 3 tank, but the temperature rise in the type 4 tank increases with a large pressure-rise rate.
